Human brain imaging has revealed that acute pain results from activation of a network of brain regions, including the somatosensory, insular, prefrontal, and cingulate cortices. In contrast, many investigations report little or no alteration in brain activity associated with chronic pain, particularly neuropathic pain. It has been hypothesized that neuropathic pain results from misinterpretation of thalamocortical activity, and recent evidence has revealed altered thalamocortical rhythm in individuals with neuropathic pain. Indeed, it was suggested nearly four decades ago that neuropathic pain may be maintained by a discrete central generator, possibly within the thalamus. In this investigation, we used multiple brain imaging techniques to explore central changes in subjects with neuropathic pain of the trigeminal nerve resulting in most cases (20 of 23) from a surgical event. Individuals with chronic neuropathic pain displayed significant somatosensory thalamus volume loss (voxel-based morphometry) which was associated with decreased thalamic reticular nucleus and primary somatosensory cortex activity (quantitative arterial spin labeling). Furthermore, thalamic inhibitory neurotransmitter content was significantly reduced (magnetic resonance spectroscopy), which was significantly correlated to the degree of functional connectivity between the somatosensory thalamus and cortical regions including the primary and secondary somatosensory cortices, anterior insula, and cerebellar cortex. These data suggest that chronic neuropathic pain is associated with altered thalamic anatomy and activity, which may result in disturbed thalamocortical circuits. This disturbed thalamocortical activity may result in the constant perception of pain.
Introduction
Human brain imaging investigations have led to the idea that pain results from the coherent activation in multiple brain regions (Melzack, 1999) . Although this appears true for acute pain, similar activation patterns do not occur in individuals with chronic pain, i.e., Ͼ3 months duration (Di Piero et al., 1991; Hsieh et al., 1995; Iadarola et al., 1995) . Instead, pain resulting from nervous system damage (neuropathic pain) is consistently associated with ongoing thalamic activity decreases on the side contralateral to the ongoing pain (Moisset and Bouhassira, 2007) and altered thalamocortical rhythm (Gücer et al., 1978; Llinás et al., 1999; Sarnthein et al., 2006; Stern et al., 2006; Walton and Llinás, 2010) , which raises the idea that chronic pain may result from the misinterpretation of altered thalamocortical coherence (Yezierski, 1996) .
Consistent with this idea, it has been hypothesized that neuropathic pain is maintained by altered activity within a discrete brain region, i.e., a central generator (Head and Holmes, 1911; Melzack and Loeser, 1978; Latremoliere and Woolf, 2009; von Hehn et al., 2012) . Indeed, multiple lines of evidence suggest a critical role for the thalamus in chronic pain processing. In humans, thalamic activation can evoke painful sensations (Lenz et al., 1993; Davis et al., 1996) ; lesions encompassing the somatosensory thalamus [ventroposterior nucleus (VP) ] can result in persistent neuropathic pain (Kim et al., 2007; Klit et al., 2009; Hong et al., 2010) ; and individuals with neuropathic pain have reduced thalamic volumes and biochemical changes indicative of neuronal loss (Pattany et al., 2002; Apkarian et al., 2004; Gustin et al., 2011) and display more frequent bursting activity of VP thalamic neurons (Hirayama et al., 1989; Lenz et al., 1989 Lenz et al., , 1998 Gerke et al., 2003) . These thalamic alterations may result in the development of thalamocortical dysrhythmia.
Thalamocortical rhythm involves the processing of recurrent thalamic circuits of which the thalamic reticular nucleus (TRN) plays a significant role (Pinault, 2004) . Cortically projecting VP thalamic neurons send collaterals to the TRN which in turn sends inhibitory GABA inputs back to the VP thalamus (Lam and Sherman, 2011) . If neuropathic pain is associated with altered VPcortical outputs, a reduction in TRN activity may develop, resulting in reduced GABAergic input to VP and ultimately altered thalamocortical rhythm, which may result in the persistent perception of pain (Yezierski, 1996) .
In this investigation, we used magnetic resonance imaging to explore thalamic function in subjects with painful trigeminal neuropathy. Although many previous studies have reported volumetric individuals with trigeminal neuropathic pain. In this study, voxel-based morphometry (VBM), quantitative arterial spin labeling, magnetic resonance spectroscopy, and resting and stimulus-evoked functional MRI (fMRI) were used to explore thalamic anatomy, biochemistry, activity, and connectivity in individuals with neuropathic pain. We hypothesize that neuropathic pain will be associated with VP thalamus volume loss, decreased TRN blood flow, decreased thalamic GABAergic content, and altered thalamocortical connectivity.
Materials and Methods

Subjects
Twenty-three subjects with painful trigeminal neuropathy [(PTN); 19 females, mean age 49.8 Ϯ 1.7 years (ϮSEM)] and 43 pain-free controls (31 females, mean age 49.8 Ϯ 2.3 years) were recruited for the study. There was no significant difference in age (t test; p Ͼ 0.05) or gender composition ( 2 test, p Ͼ 0.05) between the two subject groups. PTN subjects were diagnosed using the Liverpool criteria (Nurmikko and Eldridge, 2001 ). During the 7 d before the MRI session, each subject kept a pain diary, recording three times a day the intensity of their ongoing pain. Subjects rated the intensity of their pain using a 10 cm horizontal visual analog scale (VAS) with zero indicating "no pain" and 10 indicating "the most intense imaginable pain." These pain intensity scores were then averaged over the 7 d period to create a mean "diary" pain intensity score. On the day of the MRI scanning, subjects also rated their pain on a 10 cm VAS, i.e., "scan" pain. Diary pain was used to determine relationships between pain and the long-term brain measure of gray-matter volume. Scan pain was used to determine relationships between pain and shortterm measures, such as ongoing regional neural activity, magnetic resonance spectroscopy, and resting-state fMRI. During each scanning session, each subject also drew the distribution of their ongoing pain and completed a McGill pain questionnaire. Informed written consent was obtained for all procedures according to the Declaration of Helsinki and the study was approved by our local Institutional Human Research Ethics Committees. Some of the subjects used in this study were also used in previous investigations (Gustin et al., 2011 (Gustin et al., , 2012 .
MRI acquisition
All 23 PTN and 43 control subjects lay supine on the bed of a Philips Acheiva 3T MRI scanner (Philips Medical Systems) with their head immobilized in a tight-fitting head coil. In each subject, three highresolution 3D T1-weighted anatomical image sets, covering the entire brain, were collected (turbo-field echo; echo time, 2.5 ms; repetition time, 5600 ms; flip angle, 8°voxel size, 0.8 ϫ 0.8 ϫ 0.8 mm). Three acquisitions were acquired to improve signal-to-noise ratios. In 18 of 23 PTN and 29 of 43 control subjects (PTN: 14 females, mean age 49.4 Ϯ 2.0 years; controls: 17 females, mean age 50.1 Ϯ 2.9, no significant difference in age or gender), a quantitative arterial spin labeling (QASL) series, encompassing the entire brain, was then collected [TR/TE/DTI/TI1 ϭ 4000/23/300/40 ms, 64 ϫ 64 matrix, 14 slices; FOV, 240 ϫ 240; flip angle, 35/11.7°; SENSE ϭ 2.5; V enc ϭ [ϱ, 4 cm/s], 82 (48 at V enc ϭ 4 cm/s, 24 at V enc ϭ ϱ, 10 low flip-angle), all implemented in two separate sequences] (Petersen et al., 2006) . In addition, a series of T1-weighted anatomical images was collected at the same slice locations as the QASL images (echo time, 2.5 ms; repetition time, 5600 ms; flip-angle, 8°; 256 ϫ 256 matrix, 14 slices, FOV ϭ 240 ϫ 240). In 14 PTN subjects and 17 controls (PTN: 12 females, mean age 50.5 Ϯ 2.8; controls: 10 females, mean age 43.8 Ϯ 2.6, no significant difference in age or gender), thalamic organization was assessed by collecting multiple series of 130 gradient-echo echoplanar fMRI image volumes using blood oxygen level-dependent contrast. Each image volume contained 43 axial slices covering the entire brain (voxel ϭ 1.95 ϫ 1.95 ϫ 3.00 mm thick; repetition time, 3000 ms; echo time, 40 ms). During each fMRI series, the lateral part of the lower lip was brushed with a plastic brush at ϳ2 strokes/s. This stimulation paradigm was performed for a period of 10 fMRI volumes (30 s) following a baseline period of 10 fMRI volumes (30 s). This was repeated a further five times for a total of six stimulation and seven baseline periods. In control subjects, only the right side of the body was brushed. In all PTN subjects, the side ipsilateral to the highest ongoing pain was brushed.
Fourteen of 23 PTN and 30 of 43 controls subjects (PTN: 11 females, mean age 49.1 Ϯ 2.5; controls: 19 females, mean age 46.6 Ϯ 2.4, no significant difference in age or gender) either continued their initial scanning session (controls, n ϭ 25, PTN, n ϭ 6) or returned up to 12 months later for a second MRI session (controls, n ϭ 5, PTN, n ϭ 8). In the PTN subjects who returned for a second MRI session, pain intensity was assessed at the time of scanning, and pain duration was determined and the values of each of these were adjusted in the appropriate analyses. During this session GABA-edited MEGA-PRESS spectroscopy (Mescher et al., 1998; Edden and Barker, 2007) was performed on the thalamus contralateral to the pain in PTN subjects and on the right side in control subjects. An isotropic 3D scan with multiplanar (axial, sagittal, coronal) reformats covering the whole brain was acquired (turbo-field echo; echo time, 2.5 ms; repetition time, 5600 ms; flip angle, 8°; voxel size, 0.8 ϫ 0.8 ϫ 0.8 mm) for voxel placement (20 ϫ 20 ϫ 20 mm) (see Fig. 3 ). The MEGA-PRESS sequence parameters were as follows: repetition time, 2000 ms; echo time, 68 ms; 1024 acquisition points; total acquisition time, 27 min. One hundred averages were acquired with the MEGA-PRESS editing pulse centered at 1.9 ppm ("ON spectra") and 100 averages with the pulse centered at 7.6 ppm ("OFF spectra"). Automatic shimming (pencil beam auto first-order option) was performed resulting in line widths of Ͻ10 Hz for all spectra.
In addition, in 12 PTN subjects and 20 controls, a series of 180 gradient-echo echoplanar fMRI image volumes using blood oxygen level-dependent contrast were collected. Each image volume contained 35 axial slices covering the entire brain (voxel, 3 ϫ 3 ϫ 4 mm thick; repetition time, 2000 ms; echo time, 30 ms). During this fMRI series, each PTN subject was instructed to remain relaxed, and no stimulation paradigm was performed. To functionally identify the medial division of the VP nucleus (VPM) thalamus, a 180 volume fMRI series was collected during which the right corner of the lower lip was lightly stroked at ϳ2 strokes/s using a plastic brush. This stimulation paradigm was performed for a period of 20 fMRI volumes (40 s) following a baseline period of 20 fMRI volumes (40 s). This was repeated a further three times for a total of four stimulation and five baseline periods.
MRI analysis
Gray-matter volume. Using SPM8 (Friston et al., 1995) , the three T1-weighted images from each subject were coregistered and averaged. The averaged image was bias corrected using the SPM8 unified segmentation (Ashburner and Friston, 2005) . The bias-corrected images were segmented and spatially normalized using a second pass of the unified segmentation algorithm. The result of the segmentation and spatial normalization were whole-brain "maps" of gray-matter probabilities, spatially normalized into the Montreal Neurological Institute (MNI) template space, and "modulated" by the volume changes due to the normalization. The normalized, modulated gray-matter images were then smoothed using a 6 mm full-width-at-half-maximum (FWHM; 6 mm) Gaussian filter. In 11 PTN subjects, the ongoing pain was localized either exclusively or predominantly to one side of the face (Table 1) . That is, on one side of the face, pain intensity was either zero or at least 75% lower than the pain intensity on the opposite side of the face. For PTN subjects with right-sided pain (n ϭ 6), the T1-image sets used for VBM analysis were reflected in the x-plane (i.e., to the opposite side) so that each subject's brain then represented pain on the same side of the face (i.e., the left side). In this manner, we were able to assess gray-matter volume changes ipsilateral and contralateral to the ongoing pain.
Significant differences in gray matter between PTN and control subjects were determined using random-effects analysis with age, sex, and total brain volume as nuisance variables ( p Ͻ 0.01, false discovery rate corrected for multiple comparisons). Significant gray-matter volume differences were then overlaid onto an individual's T1-weighted image. Within the contralateral thalamus, significant gray-matter volumes were extracted for PTN and control subjects in the region of overlap between gray-matter loss and brushing activation (see below for brushing analysis) and compared using a two-sample t test ( p Ͻ 0.05 set as significant). Further, in PTN subjects, correlations between gray-matter volume and diary pain intensity and duration were determined ( p Ͻ 0.05, Bonferroni corrected for multiple comparisons). Finally, PTN subjects were grouped into those taking analgesic medications (n ϭ 13) and those not taking any medications (n ϭ 10), and gray-matter volumes between these two groups were compared using a two-sample t test ( p Ͻ 0.05 set as significant).
Thalamic organization. All fMRI images were motion corrected, and global signal drifts were removed using the detrending method described by Macey et al. (2004) , spatially normalized to the MNI template, and smoothed using a 4 mm FWHM Gaussian filter. Significant increases in signal intensity were determined using a repeated boxcar model convolved with hemodynamic delay function (10 volumes baseline, 10 volumes lip brushing; 6 stimulation, and 7 baseline periods). Significant activation within the contralateral thalamus was determined using a random-effects analysis ( p Ͻ 0.05, false discovery rate corrected for multiple comparisons, minimum cluster size 10 voxels). The most significantly activated voxel was then used to create an 8-mm-radius sphere as a region of interest. In each individual control and PTN subject, the maximally activated voxel within this sphere was then determined and the x, y, and z coordinates were compared between control and PTN groups (two-sample t test, p Ͻ 0.05). Furthermore, in each subject, percent signal intensity changes (relative to baseline) for each of the 130 volumes was extracted from a 2-mm-radius sphere at this location. The percentage change in signal intensity was calculated for each brushing period relative to the initial baseline period. Significant differences in signal intensity changes between controls and PTN subjects were assessed (two-sample t test, p Ͻ 0.05).
Cerebral blood flow. QASL images were opened using custom software and cerebral blood flow (CBF) maps were created (Petersen et al., 2006) . In addition, from the CBF maps, anatomical (gray/white) image sets were created. These anatomical images were then coregistered to the T1-weighted anatomical image set collected at the same slice locations, and the resulting parameters were applied to the CBF maps. The T1-weighted anatomical images were then normalized to the standard MNI template and the normalization parameters were applied to the CBF maps. The resulting spatially normalized CBF maps were then smoothed (6 mm FWHM Gaussian filter). For PTN subjects with right-sided pain (n ϭ 2), the CBF maps were reflected in the x-plane (i.e., to the opposite side), so Mean (ϮSEM) 50 (Ϯ2) 5.8 (Ϯ0.9) 3.9 (Ϯ0.4) n ϭ 23 n ϭ 18 n ϭ 14 n ϭ 12 n ϭ 14 *Y indicates subject was included in a particular MRI analysis. PRN, Pro re nata (as needed); rs-fcMRI, resting-state functional connectivity magnetic resonance imaging. Note: IASP definition, Neuropathic pain is a clinical description (and not a diagnosis) which requires a demonstrable lesion or a disease that satisfies established neurological diagnostic criteria. The term "lesion" is commonly used when diagnostic investigations reveal an abnormality or when there was obvious trauma. The term "disease" is commonly used when the underlying cause of the lesion is known. The presence of symptoms or signs (e.g., touch-evoked pain) alone does not justify the use of the term "neuropathic." It is common when investigating neuropathic pain that diagnostic testing may yield inconclusive or even inconsistent data. In such instances, clinical judgment is required to reduce the totality of findings in a patient into one putative diagnosis or concise group of diagnoses.
that each subject's brain then represented pain on the same side of the face. Significant differences in CBF between PTN and control subjects were determined using random-effects analysis with age and sex as nuisance variables. Given that we hypothesized that thalamic and primary somatosensory cortex (SI) regions would display altered blood flow, we used standard regions of interest derived from the MNI PickAtlas toolbox in SPM8, to apply small volume corrections ( p Ͻ 0.05, false discovery rate corrected for multiple comparisons). Significant CBF differences were then overlaid onto an individual's T1-weighted image. CBF values from significant clusters were extracted from both the PTN and control subjects and compared using two-sample t tests ( p Ͻ 0.05 set as significant). In PTN subjects, correlations between CBF and scan pain intensity and duration were determined ( p Ͻ 0.05, Bonferroni corrected for multiple comparisons). In addition, to compare CBF within the VP thalamus of control and PTN subjects, CBF values were extracted from the region of overlap between gray matter loss and brushing activation (see below for brushing analysis) and compared using a two-sample t test ( p Ͻ 0.05 set as significant). Finally, PTN subjects were grouped into those taking analgesic medications (n ϭ 10) and those not taking any medications (n ϭ 8), and CBF values between these two groups were compared using a two-sample t test ( p Ͻ 0.05 set as significant).
GABA-edited MEGA-PRESS spectra. For quantification of the GABA/creatine ratios, the acquired spectra were analyzed using the Javabased magnetic resonance user's interface (jM-RUI 4.0, European Union project). First, the dominant water resonance was removed using the Hankel Lanczos Singular Valve Decomposition algorithm. The ''ON'' and ''OFF'' spectral subsets were summed producing single ON and OFF 68 ms subspectra for each spectra dataset. These 68 ms subspectra were then subtracted resulting in GABA-edited difference spectra to measure GABA concentration at 3.01 ppm. The GABA-edited difference spectra were then phased with respect to both the zero-order and first-order phase. Line broadening of 5 Hz was used to improve the display. GABA was quantified using AMA-RES, a nonlinear least-square fitting algorithm operating in the time domain. Peak fitting for GABA was performed after manually defining the center frequency and line width of the GABA peak and modeling the GABA peak as a singlet. Furthermore, Lorentzian curves were used to obtain the peak amplitude for this resonance.
The OFF spectral subsets were summed producing single OFF 68 ms subspectra for each spectra dataset to measure creatine concentration at 3.02 ppm. The single OFF 68 ms subspectra was then phased with respect to both the zero-order and first-order phase. Line broadening of 5 Hz was used to improve the display. Spectral fitting in AMARES was performed after manually defining the center frequency and line width of the creatine peak, and modeling the creatine peak as a singlet. Furthermore, Lorentzian curves were used to obtain the peak amplitude for this resonance. Finally, ratios were calculated for GABA relative to creatine.
Differences in metabolite ratios between PTN and control subjects were determined using two-sample t tests ( p Ͻ 0.05 set as significant). In PTN subjects, correlations between thalamic GABA/Cr (creatine) and scan pain intensity and duration were determined ( p Ͻ 0.05, Bonferroni corrected for multiple comparisons). Finally, thalamic GABA/Cr ratios in PTN subjects taking analgesic medications (n ϭ 8) were compared with PTN subjects not taking analgesic medications (n ϭ 6) using a two-sample t test ( p Ͻ 0.05 set as significant).
Functional connectivity. All fMRI images were motion-corrected, global signal drifts removed using the detrending method described by Macey et al. (2004) , spatially normalized to the MNI template. To functionally identify the location of the VPM thalamus, fMRI images collected during lip brushing were smoothed using a 6 mm FWHM Gaussian filter, and significant increases in signal intensity were determined using a repeated boxcar model convolved with hemodynamic delay function (20 volumes baseline, 20 volumes lip brushing; 4 stimulation, and 5 baseline periods). Significant activation within the contralateral thalamus was determined using a random-effects analysis ( p Ͻ 0.05, false discovery rate corrected for multiple comparisons, minimum cluster size 10 voxels). This cluster was then used in the VBM analysis to determine significant changes in gray-matter volume in PTN subjects compared with controls.
For connectivity analysis, images were smoothed using a 6 mm FWHM Gaussian filter. In all subjects, during the baseline fMRI scan (i.e., no stimulation paradigm), functional connectivity was assessed using signal intensity changes within the VPM thalamus as a "seeding area." More specifically, signal intensity changes over the 180 volumes were extracted in each subject from the thalamic region activated by lip brushing and also displaying gray-matter loss in PTN subjects (i.e., VPM thal- Figure 1 . A, Gray-matter volume decreases (cool color scale) in the thalamus of subjects with PTN compared with pain-free controls overlaid onto an individual's axial T1-weighted anatomical image. Thalamic region activated during innocuous lip brushing in 20 control subjects is indicated by the red shading and its overlap with gray-matter loss by the green shading. This green shading encompasses the somatosensory thalamus, i.e., ventroposterior nucleus. The slice location in MNI space is indicated at the bottom-left of the image. B, Plots of mean (ϮSEM) gray-matter volumes in the somatosensory thalamus in PTN subjects and pain-free controls. amus). For PTN subjects with right-sided pain (n ϭ 2), the fMRI images were reflected in the x-plane (i.e., to the opposite side) so that each subject's brain then represented pain on the same side of the face. VPM signal intensity was then entered as a regressor into a first-level analysis, and brain regions in which signal intensity matched each individual subject's VPM signal intensity were determined. The six movement parameters derived from the motion correction step were entered as nuisance variables to factor out any movement related signal intensity changes. The resulting contrast maps were then entered into a second-level analysis, and comparisons between resting connectivity in controls and PTN subjects were determined ( p Ͻ 0.05, false discovery rate corrected for multiple comparisons). In addition, each individual subject's thalamus GABA/creatine ratios were entered as a regressor and the relationship between thalamic GABA/creatine and VPM connectivity was then determined in the control group and in the PTN group ( p Ͻ 0.05, r Ͼ 0.70). In PTN subjects, contrast values were extracted from significant regions and plotted against thalamic GABA/creatine ratios and r values, and significance was determined ( p Ͻ 0.05 set as significant). A significant negative correlation means that as thalamic GABA content decreases, signal intensity covaries more closely with VPM thalamic signal intensity. Finally, contrast values in regions that displayed significant correlations in PTN subjects were extracted from controls and plotted. Significant differences in these correlations between controls and PTN subjects were then assessed using Fisher r-to-z transformation ( p Ͻ 0.05).
Results
Individual and mean subject characteristics are shown in Table 1 . On average, PTN patients had ongoing pain of 3.9 Ϯ 0.4 of 10, with an average duration of 5.8 Ϯ 0.9 years. The five most common pain descriptors selected from the sensory component of the McGill pain questionnaire by PTN subjects were "aching," "sharp," "shooting," "gnawing," and "radiating."
Thalamic gray-matter volume
Using modulated VBM techniques, we found that after removing the effects of age, gender, and total brain size by adding them as nuisance variables, PTN patients had significantly reduced ( p Ͻ 0.05, corrected for multiple comparisons) gray-matter volumes in the ipsilateral (to ongoing pain) anterior insula, primary somatosensory cortex, thalamus, and contralateral nucleus accumbens (PTN: n ϭ 23; controls: n ϭ 43). In addition, we found a significant volume decrease in the contralateral thalamus of PTN patients compared with controls (Fig. 1A) . To determine whether this thalamic volume change encompassed the VPM (the nucleus that receives orofacial somatosensory information), we functionally identified the VPM nucleus in 20 control subjects using blood oxygen level-dependent fMRI. We found that the thalamic volume loss associated with chronic neuropathic pain did indeed mostly encompass the VPM thalamic nucleus defined by lip brushing, and this region of overlap displayed significantly lower gray-matter volumes in PTN subjects compared with controls [gray-matter volume ϫ probability (ϮSEM): controls, 0.46 Ϯ 0.01; PTN, 0.41 Ϯ 0.01; p ϭ 0.002] (Fig. 1B) . In PTN subjects, VPM volume was not significantly correlated to either ongoing pain intensity (r ϭ Ϫ0.21, p ϭ 0.33) or pain duration (r ϭ 0.001, p ϭ 0.98). Furthermore, there was no significant difference in thalamic gray-matter volumes in those PTN subjects taking analgesic medication compared with those not taking analgesic medication [gray-matter volume ϫ probability (ϮSEM): medication, 0.40 Ϯ 0.02; no medication, 0.42 Ϯ 0.02; p ϭ 0.14].
Thalamic activation and organization
Innocuous lip brushing in controls and PTN subjects resulted in similar activation patterns within the contralateral VP thalamus. There was no significant difference in the x, y, and z coordinates of thalamic activation in controls compared with PTN subjects (mean Ϯ SEM x, y, and z coordinates: controls, Ϫ10.8 Ϯ 0.5, Ϫ19.5 Ϯ 0.7, 7.7 Ϯ 0.6; PTN, Ϫ10.1 Ϯ 0.8, Ϫ18.3 Ϯ 0.7, 8.1 Ϯ 0.3; p values: x, p ϭ 0.47; y, p ϭ 0.23; z, p ϭ 0.59) (Fig. 2B) . In addition, there was no significant difference in the magnitude of fMRI signal intensity changes within the VP thalamus during lip brushing in controls compared with PTN subjects (mean Ϯ SEM percentage change: controls, 0.45 Ϯ 0.06; PTN, 0.41 Ϯ 0.06; p ϭ 0.85) (Fig. 2C ).
Thalamic and cortical perfusion
Following removal of the effects of age and gender, we found that PTN patients had significantly reduced ( p Ͻ 0.05, corrected for multiple comparisons) cerebral blood flow in a few discrete brain regions (PTN, n ϭ 18; controls, n ϭ 29). These included the contralateral (to the highest pain intensity) primary somatosensory cortex (S1) and thalamus. No significant change in thalamic or S1 cerebral blood flow occurred on the side ipsilateral to the ongoing pain. Within the contralateral thalamus, the CBF decrease was located on the lateral edge of the thalamus, encompassing the region of the thalamic reticular nucleus [mean CBF ml/min/g (ϮSEM): controls, 27.8 Ϯ 1.7; PTN, 19.5 Ϯ 1.3; p ϭ 0.001] (Fig. 3A) . More specifically, it was centered on the area of the TRN that has been shown to receive collaterals from VP neurons in monkeys (Pollin and Rokyta, 1982) . In PTN subjects, TRN blood flow was negatively correlated to ongoing pain intensity (r ϭ Ϫ0.55, p ϭ 0.034); that is, the greater the reduction in TRN blood flow, the greater the ongoing pain (Fig. 3A) . In contrast, TRN blood flow was not significantly correlated to pain duration (r ϭ Ϫ0.05, p ϭ 0.82). PTN subjects also displayed a significant reduction in CBF within the orofacial region of the contralateral primary somatosensory cortex (S1; controls: 31.6 Ϯ 1.6; PTN: 22.6 Ϯ 1.9; p ϭ 0.0009) (Fig. 3B) . In PTN subjects, S1 blood flow was not significantly correlated to either ongoing pain intensity (r ϭ 0.18; p ϭ 0.49) or pain duration (r ϭ Ϫ0.02; p ϭ 0.92).
To determine whether there was a significant change within the VPM thalamus, we extracted CBF values from the thalamic region in which innocuous lip brushing overlapped with gray-matter volume decrease in PTN subjects (Fig.  1A) . We found that blood flow within the VPM thalamus was not significantly different in PTN subjects compared with controls (controls, 38.0 Ϯ 2.3; PTN, 37.9 Ϯ 3.3; p ϭ 0.98) (Fig. 3C) . Finally, there were no significant CBF differences in those PTN subjects taking analgesic medication compared with those not taking analgesic medication [mean CBF ml/ min/g (ϮSEM): TRN: medication, 19.3 Ϯ 1.9; no medication, 19.9 Ϯ 1.6; p ϭ 0.80; SI: medication, 24.9 Ϯ 2.5; no medication, 19.1 Ϯ 2.6; p ϭ 0.14].
Thalamic GABA levels
The thalamic region from which GABA spectra were collected as well as a typical spectrum are shown in Figure 4 , A and B. After taking into account age and gender, PTN subjects had significantly lower GABA levels within the thalamus compared with controls [mean GABA/creatine ratio (ϮSEM) ϫ10 Ϫ3 : controls, 2.38 Ϯ 0.04; PTN, 1.82 Ϯ 0.05; p ϭ 0.000000002; PTN, n ϭ 14; controls, n ϭ 30] (Fig. 4C) . In PTN subjects, GABA/creatine ratios were not correlated to ongoing scan pain intensity (r ϭ Ϫ0.34, p ϭ 0.24) or pain duration (r ϭ 0.31, p ϭ 0.28). Finally, there was no significant difference in thalamic GABA content in those PTN subjects taking analgesic medication compared with those not taking analgesic medication [mean GABA/creatine ratio (ϮSEM) ϫ10 Ϫ3 : medication, 1.80 Ϯ 0.06; no medication, 1.85 Ϯ 0.10; p ϭ 0.65).
Thalamocortical functional connectivity
Using the contralateral (to ongoing pain) VPM region as a "seeding" area, we determined brain regions in which resting signal intensity fluctuated with signal intensity within the VPM thalamus, and then the relationship between thalamic GABA content and the degree of this functional connectivity was determined. We found no significant difference between controls and PTN subjects when we compared VP connectivity at rest. However, in 12 PTN subjects, thalamic GABA content was significantly negatively correlated to VPM functional connectivity within a number of brain regions (Fig. 5A) . These included the ipsilateral (ipsi) and contralateral (to pain) (contra) primary somatosensory/motor cortex (ipsi, r ϭ Ϫ0.81, p ϭ 0.001; contra, r ϭ Ϫ0.88, p ϭ 0.0002), contralateral secondary somatosensory cortex (r ϭ Ϫ0.78, p ϭ 0.003), supplemental motor area (r ϭ Ϫ0.75, p ϭ Figure 5 . A, Brain regions in PTN subjects, in which the strength of the correlation between baseline signal fluctuations and signal within the somatosensory (ventroposterior thalamus) was significantly correlated with thalamic content. The ventroposterior thalamus "seed" region is indicated by the green shading. Significant clusters are overlaid onto an individual subject's T1-weighted image set. The hot color scale indicates that as thalamic GABA content decreases, signal intensity fluctuates more closely with that of the ventroposterior thalamus. Slice locations in MNI space are indicated at the top-right of each image. MI, Primary motor cortex; PCC, posterior cingulate cortex; SI, primary somatosensory cortex. B, Plots of thalamic GABA/Cr values against connectivity strength in a number of brain regions in PTN subjects (red) and controls (black). Note that although in PTN subjects, thalamic GABA was significantly correlated to VP connectivity in a number of brain regions; it was not significantly correlated in controls. *Indicates significant differences between correlation strength in PTN and controls. 0.006), and the anterior insular cortex bilaterally (ipsi, r ϭ Ϫ0.75, p ϭ 0.006; contra, r ϭ Ϫ0.82, p ϭ 0.001) (Fig. 5B) . In these brain regions, as thalamic GABA content decreased, ongoing signal intensity fluctuated more closely with signal intensity within the VPM thalamus. That is, in PTN subjects, the greater the thalamic GABAergic decrease, the greater the alteration in thalamocortical connectivity. In one region, the contralateral cerebellar cortex, as thalamic GABA content increased, ongoing signal intensity fluctuated more closely with signal intensity within the VPM thalamus (r ϭ 0.83, p ϭ 0.0008).
In contrast, the only region that showed a significant correlation between VP functional connectivity and thalamic GABA in 20 controls was the medial prefrontal cortex. Furthermore, in regions that displayed significant correlations in PTN subjects, no such correlations occurred in controls (Fig. 5B) . In addition, the correlations in these regions were significantly different between controls and PTN subjects.
Discussion
Chronic neuropathic pain is associated with a significant reduction in gray-matter volume within the somatosensory thalamus and reduced blood flow in the thalamic reticular nucleus, the magnitude of which is correlated to pain intensity; i.e., the greater the ongoing pain, the greater the reduction in blood flow. Additionally, subjects with neuropathic pain have reduced thalamic GABA content and display strengthened functional connectivity between the somatosensory thalamus and cerebral cortex, in particular, the primary and secondary somatosensory cortices. These data support the hypothesis that after peripheral nerve injury, loss of thalamic somatosensory neurons results in altered thalamic reticular nucleus activity, a subsequent reduction in GABAergic transmission, and ultimately a change in thalamocortical rhythm, which may result in the constant perception of pain.
The reduction in thalamic volume reported here extends our previous finding in a mixed population of neuropathic pain subjects and confirms previous data in other neuropathic pain conditions (Apkarian et al., 2004; Gustin et al., 2011) . We have previously shown that decreased thalamic volume is associated with a decrease N-acetyl aspartate/creatine ratio, a reliable marker of neuronal integrity. Consistent with this finding, direct damage to the posterolateral thalamus, a region including the VP, is associated with a considerable risk for the development of chronic neuropathic pain (Kim et al., 2007; Klit et al., 2009; Hong et al., 2010) . However, it remains controversial as to whether the development of thalamic stroke pain depends on the lesion including the VP thalamus alone or whether it requires involvement of the posterior part of the ventromedial or ventrocaudalis portae thalamic as well (Gücer et al., 1978; Hendler et al., 1979; Willis et al., 2002) .
Although the mechanism responsible for altered VP thalamic volume in neuropathic pain remains unknown, in animal models of neuropathic pain, trans-synaptic apoptosis occurs in the dorsal horn and higher, nociceptive pathway recipient regions, such as the midbrain periaqueductal gray matter (Scholz et al., 2005; Mor et al., 2011) . Furthermore, blocking apoptosis with a caspase inhibitor prevents neural loss and attenuates pain behaviors (Scholz et al., 2005) . After peripheral nerve injury in humans, pathway-specific neuronal death may occur in areas including the VP thalamus, resulting in the changes in thalamic volume. This volume change does not affect innocuous somatosensory processing because neither the location nor the magnitude of VP activations during innocuous lip brushing was altered in our PTN subjects. We have previously reported that even though the S1 region representing the lip remains unaltered in PTN subjects, the magnitude of S1 activations is reduced (Gustin et al., 2012) , although it remains unknown whether acute noxious processing also remains unaffected.
Consistent with the hypothesis that decreased VP thalamic volume results from a loss of VP output neurons, we found that two major VPM recipient regions, the TRN and the orofacial representation of the S1, displayed reduced ongoing activities in PTN subjects. Within the TRN, reduced blood flow was located in the region shown to contain somatosensory responsive neurons in monkeys and cats, i.e., the anterior lateral region (Pollin and Rokyta, 1982) , and within S1, reduced blood flow occurred in the orofacial representation. Positron emission tomography investigations have also reported thalamic blood flow decreases in neuropathic pain subjects, although the precise locations of these decreases are difficult to determine given the spatial resolution of this scanning method (Hsieh et al., 1995; Iadarola et al., 1995) .
A detailed picture of TRN organization has begun to emerge in recent times. Most VPM neurons projecting to S1 send collaterals to TRN GABAergic neurons, and in turn, layer VI neurons in S1 that project to VPM also send collaterals to TRN (Pinault, 2004; Lam and Sherman, 2011) . Furthermore, the TRN itself innervates cortically projecting VPM neurons. Given this, a loss of cortically projecting VPM neurons would result in decreased excitatory input to the TRN and S1 and, consequently, a reduction in VPM GABA release due to reduced TRN activation. The decreased thalamic GABA content that occurred in our PTN subjects could result from decreased GABA production in presynaptic terminals or through increased GABA reuptake and catabolism. Although GABA is produced in presynaptic terminals, GABA 
